The present study aims to investigate the energy efficiency of an evacuated tube solar collector containing water based single walled carbon nanotube nanofluids. The effect of various parameters such as volume concentration of nanofluid, inlet and outlet fluid temperature, solar radiation and ambient temperature on the collector efficiency is investigated. According to the results, higher efficiency is achieved for higher volume concentration of single walled carbon nanotube nanofluids. The energy efficiency also increased with increasing solar radiation value. The highest collector efficiencies are observed for 84.24% and 94.73% using 0.05 and 0.25 vol% single walled carbon nanotube nanofluids respectively at a mass flow rate of 1.5kg/min.
The present study aims to investigate the energy efficiency of an evacuated tube solar collector containing water based single walled carbon nanotube nanofluids. The effect of various parameters such as volume concentration of nanofluid, inlet and outlet fluid temperature, solar radiation and ambient temperature on the collector efficiency is investigated. According to the results, higher efficiency is achieved for higher volume concentration of single walled carbon nanotube nanofluids. The energy efficiency also increased with increasing solar radiation value. The highest collector efficiencies are observed for 84.24% and 94.73% using 0.05 and 0.25 vol% single walled carbon nanotube nanofluids respectively at a mass flow rate of 1.5kg/min. (Kalogirou, 2003; Morrison et al., 1984; Tang et al., 2006; Xiao et al., 2004 convection losses and allow the collector to operate at high temperature (Ayompe & Duffy, 2013; Selvakumar et al., 2014; Zhang et al., 2014) . The conventional fluids which are used as the heat transfer medium in solar collectors suffer from poor thermal and heat absorption properties. It has been found that these conventional fluids have a limited capacity to carry heat up, which in turn limits the collector performance. From literature, it has been observed that nanoparticles dispersed in conventional fluids (Nanofluids), have improved thermal properties (Javadi et al., 2013; Yu & Xie, 2012) . Thus, nanofluids can be a good substitute of the conventional fluids in solar collectors (Hordy et al., 2014; Sahu et al., 2013; Verma & Tiwari, 2015) . Several researchers have already used different types of nanofluids to investigate the performance of ETSC.
Abbreviations and nomenclature
Experimental and theoretical studies have demonstrated high thermal conductivity of cylindrical structured nanoparticles compared spherical nanoparticles (Harish et al., 2012 (Nasiri et al., 2012; Sadri et al., 2014) . The thermal conductivity of DWCNT and MWCNT decreases respectively due to the increase of nanotube wall layers (Xie & Chen, 2011) .
In this paper single walled carbon nanotube (SWCNT) nanofluid is considered as the working fluid which has been used by some researchers for other types of solar collector.
Background Karami et al. (2014) investigated the performance of direct absorption solar collector (DASC) using CNT nanofluids of six volume concentrations (5, 10, 25, 50, 100, 150 ppm). The nanofluids were prepared by dispersing functionalized CNT nanoparticles into water. From experimental results, it was observed that the thermal conductivity of CNT nanofluid (150 ppm) is 32.2% higher compared to water. Therefore, they reported CNT nanofluid as a very suitable working fluid for increasing overall efficiency of DASC.
According to Tong et al. (2015) , the absorbance of MWCNTs is 10%-20% higher than that of water. Moreover, the absorbance of MWCNTs increases with their increasing concentration.
Therefore, the MWCNT/water nanofluid was selected as the working fluid to absorb solar radiation directly and the thermal performance of enclosed type evacuated U-tube solar collector. Results of the study demonstrated that nanofluid with a 0.24 vol% concentration showed the highest heat transfer coefficient between the tube and the working fluid and the heat transfer coefficient was about 8%
higher than that when only water was used. et al. (2014) . The enhanced performance was achieved using CNT/water nanofluid by compromising between two parameters which are volume fraction of nanoparticles and tilt angle of the collector.
TRANSACTIONS ON

SCIENCE
AND TECHNOLOGY
The performance of FPC consisting heat pipe was compared using CNT nanofluid and water by Chougule (2015) . The optimum efficiency was achieved by compromising two parameters which are working fluids (water and CNT nanofluids) and tilt angle (31.5° and 50°). The average collector efficiencies at 31.5° are 25% and 45%, at 50° are 36% and 61% for water and nanofluid respectively.
The maximum instantaneous efficiency obtained by using nanofluid is 69% for 50° tilt angle which is 69.44% higher than water.
Methodology
Nanofluid preparation
Two step method was selected in order to prepare nanofluids based on the facility available in the labs of University Malaya. Short SWCNTs (90% CNTs, 60% SWCNTs) nanoparticles were purchased from Nanostructured & Amorphous Materials, Inc., USA. Properties of SWCNT nanoparticles are listed in Table 1 . Distilled water used as base fluid to prepare SWCNT nanofluid. Sodium Dodecyl Sulfate (SDS) surfactants were used to prevent nanoparticles agglomerates and makes the fluid stable.
The suspension of SWCNTs, SDS and distilled water was then sonicated by a high pressure ultrasonic homogenizer (capacity up to 2000 bar) for 60 min in order to overcome the strong cohesion forces between tubes of SWCNT nanoparticles. 
Experimental setup and data collection
The evacuated solar collector was experimentally investigated at University Malaya is illustrated at Fig. 1 . The specifications of the evacuated tube solar collector that are used for this study is presented in Table 2 . According to literature, the heat pipe ETSC must be mounted with a minimum tilt angle of 25º in order to allow the internal fluid of the heat pipe to return to the hot absorber (Vence Linares, 2011) . Therefore, the tilt angle of the collector was set at 33°. The ETSC collector was tested at mass flow rates of 1.5 kg/min to investigate the efficiency of the collector. The thermal efficiency of an evacuated tube solar collector can be calculated by (1).
TRANSACTIONS
The specific heat of nanofluid can be estimated by (2) 
Result and Discussion
The effect of nanofluid on the performance of ETSC was investigated using water and SWCNT nanofluids (0.05 and 0.25 vol %). Before using the nanofluids as working fluid, it was confirmed that the suspension of SWCNT and SDS is stable for more than 1 month, illustrated in Fig. 2 . An average daily solar radiation of more than 900 W/m 2 is available in Malaysia. The heat pipe ETSC was exposed to solar radiation half an hour before the readings were taken. Initially obtained efficiencies at 1.5 kg/min are 36.57% and 62.51% for 0.05 and 0.25vol%
SWCNT nanofluids respectively. The efficiencies of the evacuated collector using 0.05 and 0.25 vol% SWCNT nanofluids increased up to 84.24% and 97.43% respectively due to higher temperature difference resulted by increased global solar radiation. It is observed from the experimental results that the collector efficiency is 15.66% higher for 0.25vol% compared to 0.05vol% SWCNT nanofluid.
The SWCNT nanofluids with higher concentration have higher thermal conductivity which allows the fluid to absorb better heat. The effect of Brownian motion in evacuated collector system is also impressive as nanofluid flows in tube at certain flow rates rather than being in static situation.
Therefore, SWCNT nanofluid with higher volume concentrations provides better efficiency.
Conclusion
In this study, the energy efficiency of an evacuated tube solar collector is investigated using SWCNT nanofluids (0.05 and 0.25 vol%) at a mass flow rate of 1.5 kg/min. The efficiency using 0.25 vol% is found to be 15.66% higher compared to 0.05 vol% SWCNT nanofluids. The effect of mass flow rate on the efficiency also can be observed for further research.
